ABSTRACT Metal ion probes are used to assess the accessibility of cysteine side chains in polypeptides lining the conductive pathways of ion channels and thereby determine the conformations of channel states. Despite the widespread use of this approach, the chemistry of metal ion-thiol interactions has not been fully elucidated. Here, we investigate the modification of cysteine residues within a protein pore by the commonly used Ag þ and Cd 2þ probes at the single-molecule level, and provide rates and stoichiometries that will be useful for the design and interpretation of accessibility experiments.
INTRODUCTION
Ion channels play key roles in the electrical excitability of cells and in synaptic transmission, enabling physiological activities as diverse as memory storage and muscle contraction. Crucially, ion channels regulate the selective passive flow of permeant ions through membranes by transitions between closed and open conformational states. The dynamics of these transitions can be studied in detail with the use of electrophysiological techniques. However, additional information is required to understand the molecular bases of the underlying protein conformational changes, and in this regard the substituted-cysteine accessibility method (SCAM) (1) combined with x-ray crystallography (2) has been highly informative.
Two types of thiol-specific reagents are commonly used as probes in SCAM, namely, thiophilic metal ions (e.g., Ag þ (3), Cd 2þ (4), Zn 2þ (5) , and Hg 2þ (6) ) and electrophilic reagents (e.g., methanethiosulfonates (7) ). The thiophilic metal ions have sizes (8) and water exchange rates (9) similar to those of natural permeant ions, and therefore are expected to pass through the channel or be prevented from doing so in accord with the channel state (open, closed, desensitized, etc.). Hence, the accessibility of cysteine residues introduced by, e.g., scanning mutagenesis, reveals information about the structures of conformational states. The ability of these metal ions to form multiply coordinated complexes has also been used to reveal the spatial proximity of amino acid residues located on different subunits of ion channels (10).
Here, we use the staphylococcal a-hemolysin (aHL) transmembrane pore (11) as a nanoreactor (12) to examine metal ion-thiol chemistry at the single-molecule level.
Reaction sites can be engineered into the lumen of the aHL pore and have been used to examine a variety of chemical interactions (12), including the interactions of divalent metal ions with histidine side chains (13) and EDTA-like chelators (14) . In this work, we used a cysteine-containing aHL pore (P C ) to study the kinetics and stoichiometry of two commonly used metal ion probes (Ag þ and Cd 2þ ) with a thiol group. We also examined the effects of neighboring cysteine and histidine side chains.
MATERIALS AND METHODS

Mutagenesis at multiple widely separated sites
The aHL AG gene encodes a polypeptide with four mutations (Lys-8/Ala, Met-113/Gly, Lys-131/Gly, and Lys-147/Gly) and was constructed from the template pT7-WT-aHL (15) . Another gene, G137C-AG, encodes an aHL polypeptide containing the same four mutations, with an additional Gly-137/Cys mutation and an extension of eight-aspartate residues at the C-terminus, and was constructed from the template pT7-G137C-D8-RL3 (16) . RL3 is a version of the WT aHL gene with silent mutations in the segment of the gene that encodes the region around and within the stem domain. These mutations produce six new restriction sites (17) . Both aHL AG and aHL G137C-AG (C) were constructed by means of multiple site-directed mutagenesis (QuikChange Lightning Multi SiteDirected Mutagenesis Kit, catalog no. 210515; Agilent Technologies, Berkshire, UK). For the AG gene, a polymerase chain reaction (PCR) was carried out with the following four sense primers: K8A, 5 0 -GCAG ATTCTGATATTAATATTGCAACCGGTACTACAGATATTGGAAGC-3 0 ; WT_M113G, 5 0 -CGATTGATACAAAAGAGTATGGGAGTACTTTAACT TATGGATTCAACGG-3 0 ; WT_K131G, 5 0 -TTACTGGTGATGATACAG GAGGAATTGGCGGCCTTATTGGTG-3 0 ; WT_K147G, 5 0 -GTTTCG ATTGGTCATACACTGGGATATGTTCAACCTGATTTCAAAAC-3 0 . For G137C-AG, a PCR was carried out with the following four sense primers: K8A, 5
0 -GCAGATTCTGATATTAATATTGCAACCGGTACTACAGATAT TGGAAGC-3 0 ; RL3_M113G, 5 0 -GAATTCGATTGATACAAAAGAG TATGGGAGTACGTTAACGTACGGATTC-3 0 ; G137C_RL3_K131G, 5 0 -GTTACTGGTGATGATACAGGAGGAATTGGAGGCCTTATTTGCGC-3 0 ; RL3_K147G, 5 0 -GTTTCGATTGGTCATACACTTGGGTATGTTCAA CCTGATTTCAAAAC-3 0 . The codons for the mutated amino acid residues are underlined. The AflII restriction site in pT7-G137C-D8-RL3 was removed by the K147G mutation.
The procedure was similar to that suggested in the kit, with slight modifications. Each PCR (25 mL) was set up by mixing the following reagents in the order listed: 10Â QuikChange Lightning Multi reaction buffer (2.5 mL), nuclease-free water (to make up the final volume of the reaction to 25 mL), double-stranded plasmid DNA template (50-100 ng), mutagenic primers (~100 ng of each primer), deoxynucleotide (dNTP) mix (1 mL from the kit), and the QuikChange Lightning Multi enzyme blend (1 mL). The PCRs were carried out with following program: 94 C for 5 min, 18 cycles of 95 C (0.5 min), 55 C (0.5 min), 68 C (9 min), followed by a final extension at 68 C for 7 min. The PCRs were then cooled and the template was digested with DpnI (1 mL, supplied with the kit) at 37 C for 1.5 h. pT7 plasmids containing the mutant genes were generated by transforming Escherichia coli XL-10 Gold ultracompetent cells with the PCR product. The DNA sequences of the genes were verified (Source BioScience).
Further site-directed mutagenesis
The genes aHL L135H/G137C-AG (HC), aHL L135C/G137C-AG (CC), and aHL L135H-AG (H) were constructed by using pT7-G137C-AG (see above) as the template. For the HC gene, two PCRs (Phusion Flash PCR Master Mix, catalog No. F-548S; Finnzymes/Thermo Scientific, Leicestershire, UK) were carried out with the following two sets of primers: first set: mutagenic primer (sense, L135H-G137C-fw) 5
0 -CAGGAGGAATTG GAGGCCATATTTGCGCAAATGTTTC-3 0 , nonmutagenic primer (antisense, SC47) 5 0 -CAGAAGTGGTCCTGCAACTTTAT-3 0 ; second set: mutagenic primer (antisense, L135H-G137C-rev) 5
0 -GAAACATTTGCG CAAATATGGCCTCCAATTCCTCCTG-3 0 , nonmutagenic primer (sense, SC46) 5 0 -ATAAAGTTGCAGGACCACTTCTG-3 0 . For the CC gene, two PCRs were carried out with the following two sets of primers: first set: mutagenic primer (sense, L135C-G137C-fw) 5
0 -GATACAGGAGGAAT TGGAGGCTGTATTTGCGCAAATGTTTCGAT-3 0 , nonmutagenic primer (antisense, SC47) 5 0 -CAGAAGTGGTCCTGCAACTTTAT-3 0 ; second set: mutagenic primer (antisense, L135C-G137C-rev) 5
0 -ATCGAAACAT TTGCGCAAATACAGCCTCCAATTCCTCCTGTATC-3 0 , nonmutagenic primer (sense, SC46) 5 0 -ATAAAGTTGCAGGACCACTTCTG-3 0 . For the H gene, two PCRs were carried out with the following two sets of primers: first set: mutagenic primer (sense, L135H-C137G-fw) 5
0 -GATACAGGA GGAATTGGAGGCCATATTGGTGCAAATGTTTCGATTGGTC-3 0 , nonmutagenic primer (antisense, SC47) 5 0 -CAGAAGTGGTCCTGCAACTT TAT-3 0 ; second set: mutagenic primer (antisense, L135H-C137G-rev) 5 0 -GACCAATCGAAACATTTGCACCAATATGGCCTCCAATTCCTCCTG TATC-3 0 , nonmutagenic primer (sense, SC46) 5 0 -ATAAAGTTGCAGGAC CACTTCTG-3 0 . Notice that in the H gene, Cys-137 is mutated back into the aHL WT residue glycine. The mutated codons are underlined.
The template DNA, pT7-G137C-AG (100 ng mL
À1
), was linearized with NdeI for the first primer set and with HindIII for the second set. Each PCR (20 mL) was set up by mixing the following reagents: Phusion Flash PCR Master Mix (10 mL, 2Â), the digested template DNA (1 mL, 10 ng mL À1 ), the two primers (1 mL each, 10 mM), and nuclease-free water (7 mL). The PCR reactions were carried out with following program: 98 C for 30 s, 30 cycles of 98 C (10 s), 68 C (5 s), 72 C (40 s), followed by a final extension at 72 C for 60 s. The two PCR products (5 mL each) for a particular mutation were mixed and used to transform E. coli XL-10 Gold cells, which generated the pT7 vector containing the mutant gene by in vivo recombination. The DNA sequences of the genes were verified (Source BioScience).
Protein preparation
The heteroheptameric cysteine-containing aHL pores (P C , P HC , P CC , and P H ) were prepared as described by Choi and Bayley (18) . P C , P HC , P CC , and P H represent (AG) 6 (G137C-AG) 1 , (AG) 6 (L135H/G137C-AG) 1 , (AG) 6 (L135C/G137C-AG) 1 , and (AG) 6 (L135H-AG) 1 respectively. In brief, pT7 plasmids carrying mutated aHL genes were produced by site-directed mutagenesis (see above). aHL proteins were expressed in the presence of [ L1130; Promega, Southampton, UK). Protein expression and oligomerization were carried out simultaneously by resuspending rabbit red blood cell membranes (rRBCm) in the IVTT mixture before incubation at 37 C for 1.5 h. To prepare heteroheptamers (e.g., P C ), the plasmid DNAs for AG and G137C-AG were mixed in a 6:1 ratio for IVTT (50 mL). aHL heteroheptamers were purified in a 5% SDS-polyacrylamide gel with 1Â TrisGlycine-SDS (TGS) running buffer under reducing conditions. The gel was dried and the protein bands were visualized by autoradiography. Because the G137C-AG monomer has an extension of eight aspartate residues at the C-terminus (similarly to the L135H/G137C-AG, L135C/ G137C-AG, and L135H-AG monomers), but the AG monomer does not, heteroheptamers containing G137C-AG subunits carry more negative charge and migrate more rapidly toward the anode (19) . Therefore, the target heteroheptamer, P C , with a 6:1 ratio of AG to G137C-AG corresponds to the band immediately beneath the (AG) 7 band on a gel (Fig. 1) . The P C band was cut out and rehydrated, and the protein was extracted (18) . Purified proteins were stored at -80 C in TE buffer (10 mM Tris.HCl, 1 mM EDTA, pH 8.0) containing 5 mM dithiothreitol (DTT).
Planar lipid bilayer recordings
Lipid bilayers were formed from 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC; Avanti Polar Lipids, Alabaster, AL) in a previously described apparatus (20) . Buffer solutions (2 M KNO 3 , 10 mM MOPS, with 10 mM EDTA or treated with Chelex ion-exchange resin, adjusted to pH 7.4 with 1 M KOH) were deoxygenated by purging with N 2 for 15-20 min before use. Buffer (1 mL) was added to both compartments of the apparatus and a potential was applied across the bilayer with Ag/ AgCl electrodes that were in double-layered agarose bridges. The electrodes were covered with an inner layer of 3 M KCl in 3% low-melting agarose, which was encased in an outer layer of 2 M KNO 3 in 3% lowmelting agarose. The bridges were necessary because silver ions leach from bare Ag/AgCl electrodes into high-chloride buffer solutions and react with thiol groups of the aHL pore. P C (or P HC , P CC , or P H ) was added to the cis compartment (ground) and the applied potential was increased to þ140 mV. The cis solution was stirred until a single channel appeared. Due to the denaturing effect of high concentrations of KNO 3 (R1 M) on nonmembrane-associated aHL, aHL was inserted under asymmetrical salt conditions (150 mM KNO 3 (cis)/2 M KNO 3 (trans), both with same concentration of buffering agent and EDTA). After insertion, portions of the buffer in the cis compartment were replaced with 2.5 M KNO 3 buffer until the concentration of KNO 3 on the cis side reached 2 M. Current recordings were performed at 22 C 5 1 C with a patch-clamp amplifier (Axopatch 200B; Axon Instruments, now Molecular Devices, Berkshire, UK). The signal was filtered with a low-pass Bessel filter (80 dB/decade) with a corner frequency of 2 kHz, and sampled at 20 kHz with a DigiData 1320 A/D converter (Axon Instruments). Freshly thawed aliquots of protein were used each day. Stock AgNO 3 (1 mM) and Cd(NO 3 ) 2 (10 mM) solutions in deionized water were prepared daily. The AgNO 3 solution was kept in the dark.
Data analysis of single-channel recordings
Current traces were filtered digitally with a 200 Hz low-pass Bessel filter (eight-pole) in Clampfit 9.2 (Axon Instruments). Events were detected by using the single-channel search feature. The mean dwell times ðtÞ of the current states were determined by fitting dwell-time histograms to singleexponential functions. Further analysis was carried out by using the program QuB (www.qub.buffalo.edu) to determine the rates (s
À1
) for each transition. The processed data were plotted by using OriginPro 8.1 SR3 (OriginLab Corporation, Northampton, MA).
Owing to the low solubility of Ag þ in chloride-containing solutions and ] free is assumed to be the same as the total concentration of Cd(NO 3 ) 2 added.
RESULTS AND DISCUSSION
Design of the aHL mutant for metal ion detection
The homoheptameric wild-type aHL pore (WT) 7 , which contains no cysteine residues, interacted with the metal ions under examination. In particular, Ag þ bound reversibly to (WT) 7 . This is presumably due to the affinity of Ag þ for amino acid side chains in the pore lumen that contain nitrogen or sulfur atoms (24) (25) (26) (27) , such as those of lysine, arginine, histidine, and methionine. Therefore, potentially interacting residues located in the narrower regions of the lumen (the cis entrance and the b barrel) were mutated to noninteracting residues such as glycine and alanine. Other potentially interacting residues located in the wider vestibule region of the lumen and on the exterior of the pore were not mutated, because metal ion binding to these residues was not expected to cause detectable events. On this basis, the mutant aHL AG, which contains four point mutations (K8A/M113G/K131G/K147G), was designed (Fig. 2) . Gratifyingly, (AG) 7 did not interact with Ag þ and Cd 2þ , and therefore it was used to provide the noise-free background for this study.
Based on this finding, a heteroheptameric aHL pore P C with one cysteine-containing subunit (aHL G137C-AG) and six cysteine-free subunits (aHL AG; Fig. 2 ) was prepared. The side chain of the single cysteine residue points into the water-filled lumen of the pore.
free , 16-133 nM) added to the cis side of a bilayer containing a single P C pore at -50 mV and pH 7.4 (2 M KNO 3 , 10 mM MOPS, 10 mM EDTA) generates reversible blockades that show two current levels relative to the unoccupied pore (DI ¼ 1.6 5 0.3 pA (level 1) and DI ¼ 3.6 5 0.6 pA (level 2); n ¼ 3; Fig. 3 ) were added to the cis compartment, which is the side where the cap domain of the aHL pore resides and is connected to ground. During measurements, a potential of -50 mV was applied to the trans compartment relative to the cis compartment. (n ¼ 3; Fig. 3 D) . The first and second equilibrium dissociation constants calculated from these data are Table 1) . The over-
þ ion is involved in both the 0/1 and the 1/2 transitions, levels 1 and 2 are proposed to be P C -SAg and P C S þ (Ag) 2 , respectively (Fig. 3 D) . A thiolate sulfur atom can bridge two Ag þ ions (28) . Therefore, level 2 is believed to represent Ag-S þ (P C )-Ag rather than P C -SAg þ -Ag (with a bridging Ag), which is supported by the absence of direct transitions between P C S þ (Ag) 2 and P C (i.e., 240 does not occur).
In addition to reversible Ag þ binding, Ag þ -induced complete blockade of the P C pore was frequently observed: 64% of experiments (87 out of 136) showed complete blockade within 10 min after the addition of a submicromolar concentration of free Ag þ ion (Fig. 4, A and B) . The blockade was usually stepwise and the process was completed <30 s after its initiation. Such blockades could be reversed by the addition of excess thiol (more than one equivalent of thiol compound relative to the total AgNO 3 added), such as DTT, cysteamine, or b-mercaptoethanol, to either the cis or trans compartment. Pore unblocking occurred in a single step (Fig. 4 C) or by a stepwise (Fig. 4 D) mechanism. Full blockade arose again if the concentration of thiol was diluted to~100 nM. If~100 nM thiol (e.g. cysteine, Blockade did not occur with aHL (AG) 7 , showing that a lumenal cysteine side chain is required. Because residual thiols from the protein preparation (thioglycolate, b-mercaptoethanol, and DTT, at the tens of nanomolar level) were present during planar lipid bilayer experiments, we propose that the blockade of P C arises from the formation of Ag þ -thiol coordination polymers on the cysteine thiol group (29, 30) (Fig. S2) . Because Ag þ -thiol polymers form reversibly in solution (31), the addition of excess thiol breaks protein-bound polymers into shorter chains, which diffuse away, thereby unblocking the pore. Whether the unblocking process occurs as a single step (Fig. 4 C) or multiple steps (Fig. 4 D) depends on the initial site of polymer cleavage.
Implications for the use of Ag
In macroscopic studies of ion channels (e.g., the P2X purinoreceptor (32), Shaker K þ channel (3), and cyclic nucleotide-gated (CNG) channel (33)), Ag þ binds to exposed cysteine thiols with apparent bimolecular rate constants of up to 10 8 M À1 s À1 (32) . The binding is effectively ]. Binding of a second Cd 2þ is not observed. c For definitions, see the kinetic schemes in Fig. 3 D. d These values are the rate constants calculated directly from the experimental data (see Figs. 7 and 8 ). They can be resolved into the rate constants of individual steps. Refer to the Supporting Material for more details. e The equilibrium dissociation constant equals the dissociation rate constant divided by the association rate constant from the same row of the table. Fig. 3 A, P C underwent a stepwise decrease in conductance, which eventually led to complete blockade (64% of experiments exhibited full blockade). The applied potential was switched to þ50 mV as indicated by black arrows on the current traces. In A, a sudden large drop in conductance was first observed, followed by a stepwise decrease in conductance. In B, a stepwise decrease in conductance from the open pore level to the fully blocked level was seen. The noise in the intermediate levels may be caused by polymer movement (35, 36) . (C and D) Reopening of blocked P C . After the full blockade induced by AgNO 3 , cysteamine was added to the cis compartment. More than one equivalent of cysteamine (10 mM) relative to the total amount of AgNO 3 (cis, 8 mM) was necessary for unblocking. Cysteamine forms oligomers with Ag þ ion in solution (37) . The oligomers occasionally react with the protein cysteine residue, leading to additional incomplete blockades. Panels C and D show one-step and stepwise unblocking, respectively. s À1 for P C ) are similar to the maximum rate constants observed in ion channel studies, consistent with the side chain of Cys-137 being water accessible. However, in contrast to the findings with ion channels, reversible coordination of two Ag þ ions is observed in our singlemolecule experiments. Because k Ag,12 > k Ag,01 , binding as measured in macroscopic current recordings would be described by a single exponential. Alternatively, the first Ag þ ion might block the narrow conductive pathway of an ion channel completely, thereby producing a one-step bimolecular blockade. Finally, with regard to permanent blockade, it should be noted that most ion channels investigated by SCAM comprise more than one cysteine-containing subunit, and the coordination of Ag þ by proximal thiol groups contributed by adjacent subunits or by the side chains of additional amino acids (e.g., histidine) might lead to irreversible obstruction of the conductive pathway.
Cd
2D binding
By contrast, Cd 2þ (20-160 mM) added to P C at -50 mV and pH 7.4 (2 M KNO 3 , 10 mM MOPS) provoked reversible blockades with just one new level: DI ¼ 3.8 5 0.1 pA (n ¼ 4; Fig. 5 A) . The association of Cd 2þ was bimolecular with v 01 ¼ k Cd,01 [Cd 2þ ], where k Cd,01 ¼ (5.9 5 0.6) Â 10 4 M À1 s À1 , whereas dissociation was unimolecular with v 10 ¼ k Cd,10 , where k Cd,10 ¼ 13 5 1 s À1 (n ¼ 4; Fig. 5 C) . Therefore, level 1 (Fig. 5 A) is assigned the structure P C -S-Cd þ (Fig. 5 D) . The equilibrium dissociation constant is K d,Cd ¼ k Cd,10 /k Cd,01 ¼ (2.2 5 0.4) Â 10 À4 M (n ¼ 4; Table 1 ). The binding of Cd 2þ to cysteine side chains in ion channels is strengthened by the presence of additional coordinating ligands (5, 32) . To create such a chelation site in the aHL pore, an additional cysteine or histidine residue was introduced in the AG background at position 135, which is adjacent to Cys-137 on the same b strand (Fig. 6) . The heteroheptameric pores formed with each of these two mutants were termed P CC and P HC . Single-molecule kinetic analysis showed that both P CC and P HC bind one Cd 2þ , but do so more tightly than P C (Table 1 ; Figs. 7 and 8 ). Apparent bimolecular association kinetics were observed. No half-liganded intermediates were seen, and therefore the second coordination step must be fast, which is in contrast to the binding of Zn 2þ by an aHL pore equipped with two iminodiacetate 
CONCLUSIONS
The rate of modification of cysteine residues by thiophilic reagents is the primary readout obtained from SCAM. The correct interpretation of these data, which relies on an understanding of the modification reactions, is therefore pivotal for deciphering the topology of ion channels in different conformations. In this work, we determined the coordination stoichiometries and kinetics of the two most important metal ion probes, Ag þ and Cd 2þ , with respect to cysteine thiol groups at the single-molecule level, and established the aHL pore as a platform on which new reagents can be tested. We also hope that our findings will guide single-molecule studies of ion channels with thiophilic metal ions, which could provide better structural information than macroscopic studies. Our findings suggest that Cd 2þ , which binds to thiols in a simple bimolecular fashion, and for which neighboring Cys and His residues have predictable effects, might be the metal ion of choice for such work. 
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Properties of the HL AG mutant
By contrast with the weak anion selectivity of (WT) 7 , (AG) 7 is cationselective (the charge selectivity ratio P K + /P Cl -is 0.54 for (WT) 7 and 3.12 for (AG) 7 in 100 mM KCl (cis)/ 1 M KCl (trans), pH 7.4). The conductance of (AG) 7 (2.73 ± 0.01 nS in 2 M KCl, -50 mV) is about 1.5 times higher than that of (WT) 7 (1.78 ± 0.01 nS). AG shows comparable hemolytic activity to WT HL.
Additional information on the complete blockade of P C produced by
Ag + ion
To determine whether the full blockade of P C (see group from the thiol compound can also coordinate to silver(I).
Binding of Cd 2+ ion by P CC
Our experimental results summarized in Table 1 in the main text show that 1) P CC and P C have similar Cd 2+ association rate constants, while 2) the dissociation rate constant of P CC is 370-times lower than that of P C . The Cd 2+ binding events displayed in Fig. 7A must be contributed by the species shown in the box in the following kinetic scheme. Because there is only one current level with Cd 2+ bound, we suggest that it represents 2, which is implicit in the analysis that follows.
The probabilities of existence for each of the three species in the box are (6): [4] Therefore, the mean lifetime in the box is: The lifetime outside the box is: [6] where k app CC,01 is the apparent association rate constant (Table 1 ).
If we assume that the two cysteine thiol groups have the same association and dissociation rate constants for Cd
etc., Eq. 5 and Eq. 6 simplify to: By using k 1A and the value of k Cd,10 for P C (Table 1) (Table 1) , and is over 300 times lower than K d,Cd for P C , the pore containing a single cysteine. The lower overall dissociation constant for P CC is due to the stability of the complex when Cd 2+ is coordinated by both cysteines (k 2A << k A2 ), and not by a higher association rate constant for Cd 2+ .
Binding of Cd 2+ ion by P HC
Noise analysis with the histidine-only mutant P H , i.e. (AG) 6 (L135H-AG) 1 (see Fig. S3 bound to His only) having the same conductance as the metalfree P HC , 1. The observed binding events (Fig. 8A) presumably arise from the structures in the box:
Our experimental results ( Table 1 in the main text) show that 1) the association rate constant of Cd 2+ with P HC is 22-fold larger than that with P C and 2) the dissociation rate constants of Cd 2+ from P C and P HC are similar.
Considering the equilibrium in the box, the probabilities of finding C or 2 in the box are: 
